We report a novel observation of thin but robust tent-like layer of liquid around micro-sized particles sprinkled over a semisolid agar surface. The layer is resilient to evaporation and provides a strong confinement that allows orbital motion of flagellated bacteria around the particles. The experimental setup is simple and it is surprising that such small particles each retain a water layer, sustaining circular bacterial trajectories. Our discovery is explained by applying a hydrodynamic model on bacterial swimming. The mechanism is relevant to practical situations involving bacterial behavior in environments with scarcity of water, biofilm growth, infection control, etc.
Introduction
A flagellated bacterium propels itself by rotating its flagella relative to its body, which counterrotates [1] . Freely swimming bacterial cells tend to accumulate close to solid surfaces [2] [3] [4] , with their residence times within a few micrometers (up to 1-3 µm) from the boundary lasting several seconds due to hydrodynamic effects [5] . The coupling of body rotation and the enhancement in the drag force exerted on the part of the cell closer to the solid surface causes the bacterium to move in circular trajectories [6] .
The handedness of the flagella determines whether the circular trajectory is clockwise or counterclockwise. Propelled by its flagellar filaments with left-handed helical structure, E. coli moves forward in clockwise paths when looked from above [7] ; it swims on the right-hand side when prevented to turn by a solid wall on its side [8] .
Numerous experimental techniques, including microfluidic devices [9, 10] , droplets [11] [12] [13] [14] , or vortices [15] , have been developed to confine and maneuver motile bacteria. The mode of bacterial motility can also be shaped by confinement. For example, whereas flagellated bacteria swim in liquid, on a solid surface they may move collectively in the form of swarming motility [16] [17] [18] . The swarming motility triggers a variety of adhesive mechanisms, including those preceding to the growth of biofilms [19] [20] [21] .
Results
Our experiment starts by allowing swarming bacteria to break away into swimming by adding a tiny droplet of water (2-5 µl) next to a swarming colony (see Method; illustrated in Fig 1a) . A number of bacteria leave their pack at the swarm front and disperse over the agar surface (Fig. 1b) . As the droplet of water evaporates, most bacteria get stuck to the surface and cease the swimming motion within a short time interval (~1 minute). However, graphite particles or silica beads contained in the water droplet entrap a layer of water in their surrounding regions, allowing a few bacteria to swim around the particles, exclusively in clockwise trajectories (Fig. 1c&1d) . Such orbiting motion lasts over 10 min during observation, much longer time than expected for a water film a few micrometers in thickness to disappear due to evaporation.
We observed common orbiting motion among a wild type strain of E. coli (HCB33) and three recently isolated strains of bacteria, including two novel enterobacter isolates, SM1 and SM3, and one E. coli isolate, H5 (details in the Methods). For the two E. coli strains, we used agar containing added surfactant Triton X-100 (Sigma-Aldrich) of 0.1% vol/vol in order to facilitate the colony spread. We also experimented with Pseudomonas aeruginosa (PA01) and Bacillus subtilis (3610). In these two latter cases, we also noticed the long-lasting water layers around the micrometer-sized particles where bacteria were motile. For P. aeruginosa, we observed orbiting around the micro-sized particle, but the motion was less organized, i.e. bacteria tended to go off track from their orbits within a few seconds, possibly due to this species of bacteria frequently reversing flagella motor rotation direction [22] . B. subtilis, which are longer cells (4-10 μm in length) remained motile within the water meniscus, but they did not orbit well. These results suggest universal motion of bacteria entrapped around microsized particles on moist surface, although the exact trajectories are species dependent. From here on, we focus the remaining report on Enterobacter sp. and E. coli, which reliably form circular trajectories.
Small graphite particles (< 2.5 µm in size) are usually not surrounded by swimming cells, possibly because they could not retain the water reservoir large enough to entrap bacteria. Large graphite particles (> 12 µm in size) retain liquid in a region over 40 µm in radius and thus keep many bacteria swimming in their proximity. Intermediate graphite particles were frequently seen to be surrounded by a few active swimmers and were the ones around which the orbiting of bacteria was most often observed and measured (Fig. 1d) . In cases where the number of swimmers around a dispersed particle is big (over a dozen, as is commonly seen around large graphite particles or particles immersed in a dense bacterial population), the cells frequently bump into each other, making it difficult to discern their trajectories. We chose silica beads of uniform size (4.5 µm diameter; Bangs Laboratories, Inc.) to perform the same experiment and observed equivalent results between the beads (Fig. 2a) and the graphite particles of comparable size, suggesting that the key parameter is the particle size, not its chemical nature. The common role of the graphite particles or beads is to sustain a tent-shaped water reservoir around them.
Around the particles where bacteria were observed to orbit, the radii of meniscus of water and bacterial trajectories correlate to the particle size. For the silica beads, which are uniform in dimensions, the meniscus and trajectory radii vary within narrow ranges dependent on the extent of evaporation. Graphite particles, which were more variable in size and had irregular shapes, gave rise to larger variation in meniscus and trajectory radii (Fig. 2b&2c) .
Discussion
Hydrodynamic cause for the circular trajectories.
The circular trajectories are caused primarily by the solid confinement imposed by the agar surface. The orbiting bacteria were observed to be in the same focal plane as the bacterial cells stuck in the nearby dry regions. The surface contour of graphite particles had minimal effects on the bacterial trajectories with exceptions of close encounters. In some cases bacteria were seen to swim within a body length from the center particle, but often orbiting bacteria swam over 8 µm away from it, a distance by which the hydrodynamic effect of the graphite boundary becomes negligible [5] . These observations reinforce the argument that the circular trajectories are caused by the proximity of the bacteria to the bottom surface.
The observation that Enterobacter sp. move in the same clockwise direction as E. coli allows us to conclude that both species of bacteria have left-handed helical flagella.
Measurements on all four strains show a relationship between the speed of the orbiting bacteria and the radii of curvature of their trajectories. Bacteria swam slower in trajectories of smaller radii, but beyond a certain threshold (~4 µm) the speed approached an upper limit, between 30-50 µm/s, depending on the bacterial strain (Fig. 3a) . These results indicate that graphite particles or beads only affect the swimming speed by restricting the bacteria to their close proximity via the tent-shaped liquid film around them.
The experimental speed profile agrees with a hydrodynamic model described previously [23] (details on its implementation discussed in Methods). Although it is possible to shift the theoretical line (Fig. 3a) , by adjusting the parameters for the dimensions of the model bacterium and the flagellar motor rotation speed, the key feature remains the same: the speed initially increases with the radius of curvature, but quickly attains an upper value. The consistent trend of the data provides further support that the circular motion observed in the orbiting bacteria is mainly caused by the hydrodynamic boundary effect of the bottom surface (Fig 3b) .
Endurance of the water layer around the seeding particle.
One key finding of our study is that graphite or bead particles on the agar surface retain a layer of water around them much longer than on a non-permeable surface. The evaporation of a water layer from a borosilicate glass surface containing microspheres on top has been investigated experimentally using xray transmission microscopy [24] (polystyrene beads of 6 µm diameter). The full process lasts about 12 seconds, with 96% of the time on a pinning stage when the water film surrounding the bead thins gradually, and the last 4% on depinning of the water meniscus around the microsphere in the form of a sudden collapse. In our case, however, the fact that the bottom surface is made by agar gel (>97.5% water) allows for water to constantly permeate the upper surface. Thus, the meniscus lasts much longer ( Figure 4 ). This observation is explained as a balance between evaporation and additional water pumped from the agar gel to the layer. Given the tiny thickness (a few µm) of the water layer, its internal pressure P' is roughly constant everywhere. The internal pressure within the water layer (P') is lower than the atmospheric pressure Po [25] . The difference between these two pressures is given by the Young-Laplace equation, Po -P' = σ/R, where σ is the water surface tension and 1/R is the meniscus total curvature. Near the top of the agar gel, the pressure is also close to the atmospheric pressure. Hence, a pressure gradient is established between the permeable agar gel and the water layer, giving rise to water being pumped, as expected from Darcy's law [26] . Consequently, even though water is constantly evaporating from the thin layer, it is being replenished by that from the agar gel.
Conclusion
In summary, we report a novel mechanism by which micro-sized particles on a moist surface entrap a tent-shaped layer of liquid within which flagellated bacteria swim in circular trajectories. The phenomenon occurs due to strong surface tension at the liquid-air interface and the proximity of the cells to a semi-permeable agar gel. Our finding implicates the potential for persistence of bacteria in environments with restricted water supply. For instance, certain bacteria cooperate with plants to maintain their growth and longevity through droughts [27] . The observation that small particles in a wet environment can entrap bacteria and allow them to remain viable and motile, even after most of the region has dried, raises awareness on the importance of proper hygiene habits to prevent bacterial infection [28, 29] . . Schematics illustrating a resilient water layer around a micron-sized particle on an agar gel. The internal pressure (P') within the layer of water is lower than the atmospheric pressure (Po), which is also roughly the pressure inside the agar gel close to the top surface. This pressure difference pumps water up from the semisolid agar gel, counterbalancing constant evaporation. Hence, the water layer is maintained much longer than on typical non-permeable solid surfaces. The thickness d corresponds to the width of a bacterial cell, with its location defining a meniscus boundary outside which bacteria get stuck to the agar surface.
Materials and Methods

Bacterial strains
Six strains of bacteria were used. Strain HCB33 (wild type E. coli) was obtained from Howard Berg 
Bacterial culture
Bacteria were grown in suspensions of Lysogeny Broth (LB) medium overnight (~ 16 hours) and then a 5 µl droplet was taken to inoculate the center of a petri dish containing LB agar gel (LB + 0.5% agar).
Triton-X100 (Sigma-Aldrich) was added (0.1% in volume) to the LB agar as external surfactant for E. coli inoculation in order to help with its colony spread. In particular, it was observed for the H5 strain that the colony spreads in similar rate to what is seen in typical swarming colonies: it populates the whole petri dish (~10 cm in diameter) within a few hours. For the HCB33, the effect was not as dramatic and the colony grew only slightly faster compared to situations when no external surfactant is added to the growth medium.
The samples were placed into an incubator with controlled temperature of 37 o C and 50% relative humidity for 3 to 5 hours, depending on the growth rate. In the next step, a droplet containing micrometersized particles (graphite or silica beads) was placed at a point overlapping the colony, as illustrated in Figure 1a . Graphite particles were obtained by scrapping a pencil with a razor blade and dispersed in deionized water (DI water). Silica beads (4.5 µm in diameter, Bangs Laboratories, Inc) were also diluted in DI water. After the addition of the water droplet, the petri dish was gently tilted in different directions to help the droplet to spread away from the bacterial colony. This motion created thin water layers that evaporated within one minute on the agar surface. Most bacteria then got stuck on the dried surface, leading a small number of swimming bacteria trapped in water reservoirs around the dispersed particles.
Imaging and measurements
The droplet region was imaged under an upright microscope (Nikon Eclipse E800) with a 40x objective lens, coupled to a CCD camera (Photometrics Coolsnap EZ). The imaging was controlled by the software Metamorph (Molecular Devices) from which the movies were recorded. The recording rate was in the range between 10.72 frames per second (fps) to 33.88 fps, with lower frame rates chosen for bigger imaging area. 
Radius
Matrix A is the mobility matrix of the cell body. B is the mobility matrix of the flagella. Ui gives the ith component of the velocity and Ωi the i-th component of the rotation rate of the cell body. The rotation rate of the flagella is given by ω. The cell is set to initially align with the y axis, without loss of generality.
Reference [23] gives the details on how to build the mobility matrices.
The velocities and rotation rates in this model are dependent on the gap distances between the surface and the material parts of the model bacterium. The speed U of the circular moving bacterium is given by the components along the bottom surface: U = (Ux 2 + Uy 2 ) 1/2 and the radius of curvature R of the cell trajectory is also obtained from the solution of the linear system: R = U/|Ωz|.
